More than one Higgs boson may be present near the currently discovered Higgs mass, which can not be properly resolved due to the limitations in the intrinsic energy resolution at the Large Hadron Collider. We investigated the scenarios where two CP -even Higgs bosons are degenerate in mass. To correctly predict the Higgs signatures, quantum interference effects between the two Higgs bosons must be taken into account, which, however, has been often neglected in the literature. We carried out a global analysis including the interference effects for a variety of Higgs searching channels at the Large Hadron Collider, which suggests that the existence of two degenerate Higgs bosons near 125 GeV is highly likely. Prospects of distinguishing the degenerate Higgs case from the single Higgs case are discussed.
I. INTRODUCTION
The discovery of the Higgs boson [1] [2] [3] with mass close to 125 GeV at the Larger Hadron Collider (LHC) [4, 5] completes the particle spectrum of the standard model (SM) [6] . The Higgs boson in the SM has been extremely successful in explaining the LHC data in various Higgs boson search channels [7] . Nonetheless, a richer structure beyond the simplest framework assumed in the SM may be present near 125 GeV, since one can not resolve the details of the spectrum near the Higgs boson mass with the current detection technology. The Higgs boson in the SM has a tiny decay width, about 4 MeV for mass near 125 GeV, which can not be directly measured via a scan on the lineshape of the Higgs boson resonance due to the limited energy resolution of the LHC. The
Higgs boson decay modes with best energy resolution for mass reconstruction at the LHC are the ones with γγ and ZZ → + − + − as final states [8] . The energy resolution in photon, electron, and muon is of the order of ∼GeV at the LHC [9] [10] [11] [12] [13] , which is much larger than the total decay width of the SM Higgs boson. Moreover, the details of the Higgs sector remain largely unknown; a number of well-motivated theoretical models predict a Higgs sector that contains more than one scalar field.
In this work, we investigate the possibility that two CP -even Higgs bosons have nearly degenerate masses near 125 GeV. Both Higgs bosons contribute to the observed signal events in all Higgs searching channels that have been collected by the ATLAS and CMS collaborations in their √ s = 7 TeV, √ s = 8 TeV and √ s = 13 TeV runs. Besides the individual contribution arising from the two Higgs bosons, the quantum interference effects of the two degenerate Higgs scalars must also be taken into consideration in order to correctly predict the signals at the LHC. To investigate the LHC signals, we take the two-Higgs-doublet model (2HDM) in which the degenerate Higgs scenarios can naturally arise as the prototype example, although our analysis can be extended to other models effortlessly.
The degenerate (or quasidegenerate) Higgs boson scenarios have been previously explored in the literature (see e.g. Refs. [14] [15] [16] GeV is highly likely.
II. TWO HIGGS MEDIATORS IN DI-PHOTON SIGNAL
To illustrate the effects of the additional Higgs boson, we consider the dominant channel of observing the Higgs boson at the LHC, the gluon fusion process (denoted as ggF) with two photons in the final states. In the scenario where two CP -even Higgs bosons are degenerate in mass, both
Higgs bosons enter as the s-channel mediators in the ggF process as shown in Fig. (1) . We use h to denote the lighter Higgs boson and H the heavier one, with a small mass difference
To correctly calculate the cross section, we have to take into account both the Breit-Wigner formula and the interference terms of the Higgs propagators. In the ggF process, gg → h/H → γγ, the parton-level cross section is given bŷ
where G φgg and G φγγ are the effective reduced couplings (dimensionless quantities with certain normalizations) of the Higgs boson φ to gluon and photon respectively, and M φ (Γ φ ) is the mass (total decay width) of the Higgs boson φ. For the same process in the SM, only one Higgs boson contributes.
The total cross section at the LHC can be obtained via σ LHC (s) = dτσ(ŝ) dL/dτ (τ ), where τ =ŝ/s, dL/dτ (τ ) is the parton luminosity. Because the Higgs decay widths are usually much smaller than the Higgs masses, i.e., Γ φ M φ , only the integration in the vicinity of the Higgs mass is significant. The small variation in the parton luminosity near the Higgs mass can be safely 1 The current √ s = 13 TeV runs have only a few fb −1 data analyzed, which are less powerful in probing the Higgs boson(s) at the ∼125 GeV scale than the 7 TeV and 8 TeV data, which have more than 20 fb −1 integrated luminosity combined, since the ratios in cross sections between 13 TeV and 8 TeV LHC runs are generally in the range (2 − 3). neglected and the parton distribution functions can be well approximated by a fixed value at the Higgs mass in this case. Thus, the LHC cross section can be simplified as follows
where
To quantify the deviation from what expected in the SM, we normalize the LHC cross section by its corresponding SM value as follows
where h 0 is the SM Higgs boson. The µ value here contains four terms: the h contribution, the H contribution, and the h/H interference terms. Neglecting the interference terms, Eq. (3) is reduced to a sum of two terms
where we defined κ φX ≡ G φX /G h 0 X for any X state, and we have neglected the small mass difference between the Higgs bosons. The κ method given in Eq. (4) is often used in the literature to interpret experimental results for multiple Higgs boson scenarios. However, since the κ method ignores the important interference terms, it should be used with caution. To elucidate the effects due to interference and also the limitation of the κ method, signal strengths computed using both Eq. (3) 
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III. GLOBAL ANALYSIS
To analyze the limits from LHC data, we carry out a global χ 2 analysis for a variety of Higgs searching channels. We categorize the experimental data in terms of the Higgs production channels (hereafter P) and Higgs decay final states (hereafter D). There are six major production channels: Table (I) . The experimental results are expressed in term of the signal strength, which is the ratio between the observed LHC signal events and its SM expectation.
The signal strength in the 2HDM for given production and decay channel (denoted by µ PD ) can be computed via
where G AL is the reduced coupling constant between the mediator A and the state L, and so on.
For the production channels P =(ggF, ttH, bbH), the corresponding L states are L = (gg, tt, bb);
for P =(VBF, WH, ZH), we have L = V V in the 2HDM [29] . For completeness, we prove the validation of using Eq. (5) Refs. [30] [31] [32] . In the SM, we have G h 0 X = 1 for all the above couplings.
For Higgs couplings to gluon and photon, loop contributions via fermions and vector bosons are calculated. The reduced couplings to gluons for both h and H in the 2HDM and for h 0 in the SM are given by
is the fermion loop function,
with M p being the mass of the circulating particle. The reduced couplings to photons are given by
where N c = 3, Q u = 2/3, Q d = −1/3, and A 1 (x) is the vector boson loop function. The loop functions A 1/2 (x) and A 1 (x) can be found in e.g. Refs. [30, 31] . Here we include the bottom quark loops, because they can become significant in the 2HDM-II for large tan β. For most ATLAS and CMS analyses given in Table (I) , the µ value for one single production channel is provided. There are also signal strengths for multiple production channels. For such analyses involving several production channels, we compute the signal strength as follows
PD is the expected number of events for the SM case at the LHC. Here σ SM-7 PD and L 7 are the SM production cross section and the integrated luminosity at the √ s = 7 TeV LHC, and so on. In analyses combining the VBF and VH processes, we have µ multiple = µ PD , since the signal strengths are the same for these processes. Thus in Table ( 
For these analyses combining different production channels, we assume the detector acceptances and efficiencies to be the same for different production channels and for different center-of-mass energies at the LHC. Thus, when computing the signal strength µ multiple for multiple processes, the detector acceptances and efficiencies (A ) cancel in the numerator and the denominator of Eq. (6) and do not affect the signal strength. To fully address the effects due to the detector acceptances and efficiencies for different processes and colliding energies requires a careful simulation, which is beyond the scope of this paper. We believe that neglecting the effects of the detector efficiency in the two analyses with ZZ final states does not alter the conclusion of our analysis significantly.
To quantitatively evaluate how well a model fits the LHC data, we compute χ 2 as follows
where µ i th is the predicted signal strength in theory models, and µ i data and σ i data are the signal strengths and the associated uncertainties for the decay and production channels given in Table   ( The SM has χ 2 = 14 with χ 2 = 7.2 (6.8) for ATLAS (CMS) measurements. In the 2HDM-I with ∆M = 0, the best-fit models give χ 2 min = 6.0, 6.4, 13.9 for ATLAS, CMS, and both measurements. In the 2HDM-II with ∆M = 0, the best-fit models give χ 2 min = 4.3, 6.3, 13.8 for ATLAS, CMS, and both measurements. Thus, the 2HDM-I and 2HDM-II can provide a fit to data somewhat better than the SM. Several benchmark model points with vanishing and non-vanishing ∆M are provided in Table (II). We carry out a full χ 2 analysis in the 2HDM parameter space spanned by α and β, 2 with both ATLAS and CMS data given in Table (I). The 1 σ and 2 σ contours are plotted with ∆χ 2 = 2.3 and 6.18, for the ∆M = 0 and ∆M = 3 MeV cases, in Fig. (4) . For the ∆M = 0 case, in both 2HDM-I and 2HDM-II models, the preferred model points reside in the large tan β region. The sum of the decay widths Γ is less than 5 MeV for the preferred 2HDM-I models, whereas in the 2HDM-II, the preferred models have 15 MeV < ∼ Γ < ∼ 300 MeV. When ∆M = 0 is increased to 3 MeV, the preferred 2HDM-I parameter space expands around its previously preferred regions;
however, under the same ∆M increase in 2HDM-II, new parameter regions appear. We note in passing that the current Higgs mass measurement at the LHC has an uncertainty of ∼ 240 MeV [8] , which, however, does not rule out the 2HDM-II models with Γ > 240 MeV, because the analysis is carried out with SM assumptions and is not model-independent. Nevertheless, further reducing the mass uncertainties at the LHC can probe the preferred region of the 2HDM-II parameter space.
The interference effects between the two Higgs bosons depend strongly on the ratio ∆M/Γ; when the mass separation ∆M becomes significantly large compared with the sum of the decay widths Γ, the interference effects begin to diminish, as illustrated in Fig. (2) . In the two types of 2HDM considered, the dependence of Γ on the angle α is negligible; the dependence of Γ on the β angle is significant and can be well approximated as follows:
for the 2HDM-I, and Γ/Γ h 0 1 + (BR cc + BR gg )/ tan 2 β + tan 2 β(BR bb + BR τ τ ) for the 2HDM-II, where the BRs denote the Higgs boson decay branching ratios in the SM.
To explore models with non-vanishing ∆M , we carry out a three dimensional random scan
, and ∆M < 100 MeV. Fig. (5) shows the 2HDM-II models that fall in the 1 σ and 2 σ region from the scan. These models all have tan β < 10, which corresponds roughly to Γ < ∼ 300 MeV, consistent with the upper value in Fig. (4) . There are two major bands of model points within 1 σ and 2 σ corridors in the random scan: β = α+ π 2 , and β = α. The former case has cos(β −α) = 0 which is also known as the "alignment" limit, and the latter case has sin(β − α) = 0. In the former case, the coupling strength (normalized to SM values) between h and SM particles are (1, 1, 1, 1) for (vector bosons, up-type quarks, down-type quarks, charged leptons), and the ones between H and SM particles are (0, 1/ tan β, − tan β, − tan β) respectively.
In the latter case, the coupling strength between H and SM particles are (1, 1, 1, 1) , and the ones between h and SM particles are (0, −1/ tan β, tan β, tan β), as in the order given before. These two bands are also exhibited in Fig. (4) .
The best-fit model in the 2HDM-I prefers to go to much large ∆M values, such that our approximation no longer holds. Here we provide a 2HDM-I benchmark model with small mass difference in Table (II) : model point M with ∆M = 5 MeV. Unlike the 2HDM-I, the best-fit model in the 2HDM-II has ∆M 2.7 MeV, which is represented by model point N in Table (II) .
IV. HIGGS WIDTH AND LEPTON COLLIDER
The total decay width of the SM Higgs boson can be indirectly constrained by comparing the off-peak Higgs to ZZ events with the on-peak ones [36] . However, this method can not be used to constrain the decay widths of the degenerate Higgs bosons, because this indirect method is based on the SM assumptions. A direct measurement of the Higgs width can be achieved in a muon collider by scanning the lineshape of the Higgs resonance, where one can unambiguously determine whether more than one scalar is present. It is anticipated that a 4 % accuracy on the SM-like Higgs boson width can be achieved in a future muon collider with 0.003% beam energy resolution and 1 fb −1 integrated luminosity [37] . At future e + e − collider, the total Higgs width can be indirectly inferred via the H → W W process to a precision of (4-5)% [38] . A clean and model-independent method to determine the Higgs mass is to reconstruct the recoil mass in the Higgs-strahlung process e + e − → h 0 Z, which can probe the SM Higgs mass at the International Linear Collider (ILC), at future FCC-ee, and at the Circular Electron Positron Collider (CEPC). A precision of δM h 0 5.9
MeV in the SM is expected at the CEPC [39] . However, the measurements at the e + e − colliders discussed above are indirect and should be interpreted based on the underlying theory models; the precision discussed for the lepton collider are only applicable to a single SM Higgs boson case.
Thus, the discrimination power regarding the degenerate Higgs bosons at electron collider is rather limited.
V. CONCLUSION
In this work, we have analyzed the LHC signals arising from the scenario where two CPeven Higgs bosons are almost degenerate in mass near 125 GeV. The quantum interference effects between degenerate Higgs bosons have to be taken into account in order to correctly predict the LHC signal, which, however, was often neglected in the literature. We have taken 2HDM-I and 2HDM-II as prototype models for our concrete numerical analysis; for certain regions in the parameter space, the interference effects can alter the predictions significantly. We have carried out a global χ 2 analysis using 27 measurements on Higgs signal strengths by ATLAS and CMS collaborations, which shows that the 2HDM with two degenerate CP -even Higgs bosons can fit the LHC data somewhat better than the SM. Future LHC data can improve the Higgs measurements with better accuracy, but it lacks the capability of distinguishing the two Higgs bosons that are degenerate in mass. It is also quite challenging to fully resolve this issue in the proposed e + e − colliders. Nevertheless, for specific models, such as the 2HDM, analyses employing multiple collider searching channels with more LHC data (and/or data from future e + e − colliders) can further constrain the parameter space or even completely rule out the entire parameter space, but such results are model-dependent. To unambiguously discriminate the degenerate Higgs case from the single Higgs case, one may have to go to a future muon collider, where a scan around the Higgs resonance can be performed.
VI. APPENDIX: THE INTEGRAL FOR 2 → 3 PHASE SPACE
The signal strength in Eq. (5) is generalized from the results for the ggF production channel to two photons in Eq. (3). Here, we prove that Eq. (5) is also valid for evaluating the signal strength for the W H and ZH processes. Specifically, we consider the process of→ V * → (h/H → ff )V , whose parton-level amplitude reads
We find that the integral of the amplitude squared over the 2 → 3 phase space is reduced to the integral over the energy of the final-state vector boson E k as follows
Since the decay width is much smaller than the Higgs boson masses, Γ φ M φ , only the E k values leading to the on-shell Higgs boson (i.e., q 2 = M 2 φ ) contribute significantly to the integral. Thus, we can fix the E k values in the function f (E k ) and move it outside of the integral such that
The remaining integral can be computed via the residue theorem
which has the same dependence on z φ as Eq. (2). Thus, we can obtain exactly the same expression for µ as in Eq. (3) for the W H and ZH processes.
